The Spitzer Space Telescope has identified a population of ultra-luminous infrared galaxies (ULIRGs) at z ∼ 2 that may play an important role in the evolution of massive galaxies. We measure the stellar masses (M * ) of two populations of Spitzer-selected ULIRGs that have extremely red R − [24] colors (dust-obscured galaxies, or DOGs) and compare our results with sub-millimeter selected galaxies (SMGs). One set of 39 DOGs have a local maximum in their mid-infrared (mid-IR) spectral energy distribution (SED) at rest-frame 1.6µm associated with stellar emission ("bump DOGs"), while the other set of 51 DOGs have power-law mid-IR SEDs that are typical of obscured AGN ("power-law DOGs"). We measure M * by applying Charlot & Bruzual stellar population synthesis models to broad-band photometry in the rest-frame ultra-violet, optical, and near-infrared of each of these populations. Assuming a simple stellar population and a Chabrier initial mass function (IMF), we find that power-law DOGs and bump DOGs are on average a factor of 2 and 1.5 larger than SMGs, respectively (median and inter-quartile M * values for SMGs, bump DOGs and power-law DOGs are log(M * /M ⊙ ) = 10.42 −0.34 , respectively). More realistic star-formation histories drawn from two competing theories for the nature of ULIRGs at z ∼ 2 (major merger vs. smooth accretion) can increase these mass estimates by up to 0.5 dex. A comparison of our stellar masses with the instantaneous star-formation rate (SFR) in these z ∼ 2 ULIRGs provides a preliminary indication supporting high SFRs for a given M * , a situation that arises more naturally in major mergers than in smooth accretion powered systems.
INTRODUCTION
Ultra-luminous infrared galaxies (ULIRGs) are defined to have extremely high infrared (IR) luminosities (L IR > 10 12 L ⊙ ). These luminosities require significant dust heating, usually thought to arise from extreme episodes of star-formation (Ṁ > 100 M ⊙ yr −1 ) or accretion onto super-massive black holes. These objects are rare in the local Universe, yet they have been associated with a critical phase of galaxy evolution linking mergers (e.g., Armus et al. 1987; Murphy et al. 1996) with quasars and red, dead elliptical galaxies (Sanders et al. 1988a,b) . ULIRGs are more commonplace in the distant Universe, to the extent that they contribute a significant component of the bolometric luminosity density of the Universe at z > 1 (e.g. Franceschini et al. 2001; Le Floc'h et al. 2005; Pérez-González et al. 2005 ). This realization implies that ULIRGs may represent an important evolutionary phase in the assembly history of mas-sive galaxies and has inspired a host of new techniques for identifying ULIRGs at z > 1.
The two most successful techniques for identifying high-redshift ULIRGs rely on selection at either midinfrared or far-infrared wavelengths. Surveys at 24µm with the Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al. 2004 ) instrument for the Spitzer Space Telescope have been remarkably successful for the mid-IR identification of ULIRGs (Yan et al. 2004; Houck et al. 2005; Weedman et al. 2006b; Fiore et al. 2008; Dey et al. 2008; Fiore et al. 2009 ). In particular, Dey et al. (2008) select sources from the 9 deg 2 NOAO Deep Wide-Field Survey (NDWFS) Boötes field that satisfy R − [24] > 14 (Vega magnitudes; ≈ F 24µm /F R > 1000) and F 24µm > 0.3 mJy. These objects are called dust-obscured galaxies (DOGs), lie at z ≈ 2 ± 0.5 (Houck et al. 2005; Weedman et al. 2006a; Desai et al. 2009 , Soifer et al., in prep., 2011 , have ULIRG luminosities (e.g. Bussmann et al. 2009b) , have a space density of (2.82 ± 0.05) × 10 −5 h 3 70 Mpc −3 , and inhabit dark matter haloes of mass M DM ∼ 10 12.3 M ⊙ (Brodwin et al. 2008) . These results show that DOGs are undergoing a very luminous, likely short-lived phase of activity associated with the growth of the most massive galaxies.
In addition, DOGs can be divided into two groups according to the nature of their mid-IR spectral energy distribution (SED): those with a peak or bump at rest-frame 1.6µm, likely produced by the photospheres of old stars ("bump DOGs"), and those dominated by a power-law in the mid-IR ("power-law DOGs"). The SED shapes, as well as spectroscopy in the near-IR (Brand et al. 2007; Sajina et al. 2008 ) and mid-IR Sajina et al. 2007; Farrah et al. 2008; Desai et al. 2009; Huang et al. 2009 ) indicate that the bolometric luminosities of bump DOGs are dominated by star-formation, while those of power-law DOGs are dominated by obscured active galactic nuclei (AGN). This implies that the phase of DOG activity is characterized by both vigorous stellar bulge and nuclear black hole growth.
Another method of selecting high redshift ULIRGs is imaging at sub-millimeter (sub-mm) wavelengths. The advent of the Sub-mm Common User Bolometer Array (SCUBA; Holland et al. 1999 ) has allowed wide-field surveys at 850µm which have identified hundreds of sub-millimeter selected galaxies (SMGs). These objects have similar redshifts (z = 2.2 ± 0.5), number densities (n ∼ 9 × 10 −6 h 3 70 Mpc −3 ; Chapman et al. 2005) , and clustering properties (M DM ∼ 10 12.2 M ⊙ ; Blain et al. 2004) as DOGs.
The fact that SMGs and DOGs have similar properties suggests they might be related in an evolutionary sequence similar to that of ULIRGs in the local Universe (e.g. Sanders et al. 1988a) . It has been hypothesized that such a sequence does indeed exist (Dey & The NDWFS/MIPS Collaboration 2009) , and that DOGs function as an important intermediate stage between gas-rich major mergers and quasars at z ∼ 2 (which have similar clustering properties as DOGs and SMGs; Hopkins et al. 2006; Brodwin et al. 2008; Shen et al. 2009 ). One intriguing potential piece of support for this idea comes from measurements of Hα line strengths, which indicate that power-law DOGs have lower star-formation rates (SFRs) by an order of magnitude compared to SMGs (Melbourne et al. 2011) .
A theoretical understanding of how this evolutionary sequence might occur has recently been advanced using N -body/smoothed particle hydrodynamic simulations combined with 3D polychromatic dust radiative transfer models (Narayanan et al. 2010) . In these models, simulations are used to follow the evolution of the SED of both isolated disk galaxies and major mergers. These authors find that simulated systems with F 24µm > 0.3 mJy are associated with gas-rich (f g ≈ 0.4) major mergers with a minimum total baryonic mass of M b ≈ 3 × 10 11 M ⊙ . While there is significant variation associated with different viewing angles, initial orbital configurations, etc., the typical simulated major merger achieves peak SFRs of ∼ 1000 M ⊙ yr −1 at the beginning of final coalescence when tidal torques funnel large quantities of gas into the nucleus of the system (Mihos & Hernquist 1996) . This period is also when the system is brightest at sub-mm wavelengths and thus can be selected as an SMG.
At the same time, central inflows begin to fuel the growth of a supermassive black hole. Approximately 100 Myr after the peak SFR, the black hole accretion rate peaks (at about 1-2 M ⊙ yr −1 ). The simulations include a prescription for active galactic nucleus (AGN) feedback that helps terminate star-formation (along with consumption of the gas by star-formation). In these models, this period of AGN feedback coincides with the DOG phase (F 24µm /F R > 1000). As the gas and dust are consumed by star-formation, optical sightlines open up and the system can be optically visible as a quasar. The evolutionary progression in the simulations is driven by major mergers and proceeds from SMG to DOG to quasar to red, dead, elliptical galaxy (illustrated qualitatively in the top panel of Figure 1 ).
Alternative theories for the formation of SMGs which do not involve major mergers have also been advanced recently (Davé et al. 2010) . These studies rely on numerical simulations of cosmological volumes and select SMGs as the most actively star-forming systems that match the observed number densities of SMGs. The objects in the simulations that are designated as SMGs have stellar masses in the range M * = (1 − 5) × 10 11 M ⊙ and SFRs in the range 200-500 M ⊙ yr −1 . These SFRs are a factor of 3 lower than what is inferred observationally in SMGs, which Davé et al. (2010) attribute primarily to systematic effects in the SFR calibration (in particular, a "bottom-light" initial mass function requires lower SFRs to produce the observed IR luminosities of SMGs). Because the star-formation histories (SFHs) which produce these simulated SMGs do not involve major mergers, they are referred to here as "smooth accretion" SFHs (a qualitative illustration of this SFH is given in the bottom panel of Figure 1 ).
Studies attempting to connect the mid-IR and far-IR selected ULIRG population at high redshift have so far focused on their basic properties such as bolometric luminosities Coppin et al. 2008; Lonsdale et al. 2009; Bussmann et al. 2009b; Fiolet et al. 2009 ), clustering strengths Brodwin et al. 2008) , and morphologies. In particular, high-spatial resolution imaging (Dasyra et al. 2008; Melbourne et al. 2008 Melbourne et al. , 2009 Bussmann et al. 2009a; Swinbank et al. 2010 ) and dynamics (Tacconi et al. 2006 (Tacconi et al. , 2008 Melbourne et al. 2011 ) have shown no distinction in axial ratio that might be suggestive of orientation effects; instead, these studies have identified morphological trends which are consistent with an evolutionary scenario driven by major mergers in which sources that show a bump in their mid-IR SED (i.e., bump DOGs and most SMGs) evolve into those with a power-law dominated mid-IR SED (i.e., power-law DOGs Bussmann et al. 2011) . To test the origins of these sources further, it is imperative to use alternative, complementary methods of constraining the SFHs of DOGs and SMGs at z ∼ 2. This paper is focused on one such technique: stellar population synthesis (SPS) modeling of broad band photometry of DOGs and SMGs with known spectroscopic redshifts. The primary goal of this study is to place the tightest constraints possible given the existing data on the stellar masses (M * ) and SFHs of bump DOGs, power-law DOGs, and SMGs using a uniform SPS modeling analysis with common model assumptions and fitting techniques for each ULIRG population. There are several reasons to pursue this goal.
First, constraints on the M * values and SFHs of Spitzer-selected ULIRGs are limited to a few studies that have focused on bump sources (Berta et al. 2007; Lonsdale et al. 2009 ). In contrast, the constraints on M * and SFHs presented here for power-law DOGs are the first such results for this potentially very important population of galaxies. If power-law DOGs do not have Cartoon picture illustrating two possible evolutionary paths for massive galaxies at z ∼ 2 (adapted from Dey & The NDWFS/MIPS Collaboration 2009). Top: (1) A gas rich major merger leads to an intense, dust-enshrouded phase of starformation. (2) Energetic feedback, possibly from the growth of a central super-massive black hole, heats the dust and gas, cutting off star-formation. (3) Depending on the relative timescales of AGN fuelling, dust dissipation, and star formation, the system may be briefly visible as a quasar before settling on the red sequence. Bottom: An alternative scenario in which massive galaxies are assembled via smooth accretion of gas and small satellites along filamentary structures (some mechanism is still needed to quench star-formation; in this cartoon picture, steps (2) and (3) are assumed to be the same as in the major merger driven scenario). One goal of this paper is to test the two different possibilities illustrated in step (1) of this diagram using the stellar masses and star-formation rates of high redshift ULIRGs.
significantly different masses than SMGs or bump DOGs, this might imply that the power-law phase occurs during the same time that most of the mass in stars is being built up. If the power-law is a signature of black hole growth, then this would mean that the stellar mass and black hole mass are likely being assembled during the same period of dust-obscured, intense star-formation. A uniform analysis of all three populations is necessary to test this hypothesis.
Second, while SPS modeling methods have become more sophisticated, stellar mass results for a given population have not necessarily converged. For example, Borys et al. (2005) use Spitzer/Infrared Array Camera (IRAC; Fazio et al. 2004 ) data to infer average SMG stellar masses of M * ≈ 2.5 × 10 11 M ⊙ . More recently, Dye et al. (2008) and Micha lowski et al. (2010) have found median stellar masses for SMGs of M * = 6.3× 10 11 M ⊙ and 3.5 × 10 11 M ⊙ , respectively. A new study by Hainline et al. (2011) using essentially the same data set as Micha lowski et al. (2010) finds significantly lower median SMG stellar masses of M * = (7 ± 3) × 10 10 M ⊙ . Finally, measurements of the width of CO emission lines in 12 ULIRGs at z ∼ 2 have provided a median dynamical mass estimate of M dyn ∼ 2 × 10 11 M ⊙ (Engel et al. 2010) . These sources typically have high gas fractions of ≈ 0.5, implying that the stellar masses should be M * ≤ 10 11 M ⊙ . This emphasizes the significant systematics that affect stellar mass estimates based on SPS modeling and underscores the need for a uniform analysis when comparing different ULIRG populations.
Third, the disagreement in observed stellar masses has significant bearing on theoretical models for the formation of high redshift ULIRGs. As outlined earlier, the cosmological hydrodynamical simulations of Davé et al. (2010) predict that SMGs have large stellar masses that are roughly consistent with the estimates of Borys et al. (2005) and Micha lowski et al. (2010) , but a factor of ≈ 4 larger than the estimates of Hainline et al. (2011) . The Hainline et al. (2011) mass estimates are also somewhat lower than what is expectated from merger simulations (Narayanan et al. 2010) , with the caveat that such expectations are highly dependent on the stage of the merger, viewing angle, etc. A systematic, uniform comparison of the relative stellar mass distributions of DOGs and SMGs with simulated SFHs from theoretical models for the evolution of massive galaxies represents a significant component of this paper.
In section 2, we present the data used in this analysis, including DOG SEDs from rest-frame ultra-violet (UV) to near-IR. Section 3 outlines the general methodology and describes the SPS libraries, initial mass functions (IMFs), and SFHs that are used in the analysis. We present our results in section 4, including constraints on stellar masses, visual extinctions, and stellar population ages. In section 5, we compare our results with similar studies of SMGs and other Spitzer-selected ULIRGs and explain the implications of the results for models of galaxy evolution. Conclusions are presented in section 6.
Throughout this paper we assume a cosmology in which H 0 =70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7. All magnitudes are in the AB system.
DATA
The goal of this paper is to study the relative mass distributions of samples of high-z ULIRGs, specifically DOGs and SMGs, via population synthesis modeling of their rest-frame UV through near-IR SEDs. To minimize degeneracies in the models, it is important to limit the analysis to sources with spectroscopic redshifts. Thus, the present sample consists of ULIRGs with spectroscopic redshifts at z > 1.4 and broad-band photometry from the rest-frame UV through near-IR. The sample comprises three main sub-groups: two selected with Spitzer at 24µm (DOGs), and one selected with the Submm Common User Bolometer Array (SCUBA) at 850µm (SMGs). ). This paper focuses on the subset of 90 of these objects that have known spectroscopic redshifts at z > 1.4 either from observations with the Keck telescope (≈ 60%, Soifer et al., in prep., 2011) or with the InfraRed Spectrometer (IRS Houck et al. 2004) onboard Spitzer (Houck et al. 2005; Weedman et al. 2006b ). Spectroscopic redshifts for our sample of DOGs are given in Table 1 . Figure 2 shows the R − [24] color as a function of 24µm magnitude for the subsample studied here (the "spectroscopic sample") in comparison to the overall sample of DOGs in Boötes. To optimize the spectroscopic detection rate, the spectroscopic sample is biased towards bright 24µm sources, although the full range of R − [24] colors is sampled. The spectroscopic sample consists of 39 star-formation dominated "bump" sources (those that show a peak at rest-frame 1.6µm) and 51 active galactic nucleus (AGN) dominated "power-law" sources. Bump and power-law DOGs are separated according to the statistical criteria given in section 3.1.2 of Dey et al. (2008) . Also shown in this diagram are 53 submillimeter galaxies (SMGs) with spectroscopic redshifts from Chapman et al. (2005) (see section 2.2). The redshift distributions of these groups of galaxies are shown in Figure 3 
Optical Photometry
The NOAO Deep Wide Field Survey (NDWFS; Jannuzi & Dey 1999 ) is a ground-based optical and near-IR imaging survey of two 9.3 deg 2 fields, one in Boötes and one in Cetus. In this paper, we utilize the optical imaging of the Boötes field, conducted using the NOAO 4m telescope on Kitt Peak. The survey reaches 5σ pointsource depths in B W , R, and I of 27.1, 26.1, and 25.4 (Vega mag), respectively. The NDWFS astrometry is tied to the reference frame defined by stars from the United States Naval Observatory A-2 catalog. NDWFS data products are publicly available via the NOAO science archive 8 . Photometry for each DOG was measured in 4 ′′ diameter apertures, centered on the 3.6µm centroid position measured from the Spitzer Deep Wide-field Survey (SDWFS; Ashby et al. 2009 ) imaging data (Ashby et al. 2009 ). Foreground and background objects were removed using SExtractor segmentation maps, and the sky level was determined using an annulus with an inner diameter of 6
′′ and a width of 5 ′′ . The background level and photometric uncertainty were computed by measuring the sigma-clipped mean and RMS of fluxes measured in roughly fifty 4 ′′ diameter apertures within 1 ′ of the target. Aperture corrections were derived using bright, non-saturated stars for each of the 27 sub-fields that comprise the NDWFS. (Gonzalez et al., in prep.) .
Photometry was computed in the same manner as with the NDWFS images (see section 2.1.2). Aperture corrections were computed using bright, non-saturated stars for each of the 52 sub-fields that comprise the NEWFIRM survey of Boötes. Photometry in the optical and near-IR is presented in Table 2 .
Mid-Infrared Photometry
The SDWFS is a four-epoch survey of roughly 8.5 deg 2 of the Boötes field of the NDWFS. The first epoch of the survey took place in 2004 January as part of the IRAC Shallow Survey (Eisenhardt et al. 2004) . Subsequent visits to the field as part of the SDWFS program reimaged the same area three times to the same depth each time. The final co-added images have 5σ depths (aperturecorrected from a 4 ′′ diameter aperture) of 19.77, 18.83, 16.50, and 15.85 (Vega mag) at 3.6µm, 4.5µm, 5.8µm, and 8.0µm, respectively. All SDWFS data are publicly available.
Part of the SDWFS Data Release 1.1 includes bandmatched catalogs created with Source Extractor (SExtractor, Bertin & Arnouts 1996) . Astrometry in these catalogs is tied to 2MASS positions within 0.
′′ 2. We identify DOGs in these catalogs using a 3 ′′ search radius, and use the values in these catalogs for our flux density measurements of DOGs. SExtractor underestimates the true magnitude uncertainties because it assumes a Gaussian noise distribution where noise is uncorrelated. In place of the SExtractor-derived values, we determine our own estimates of the uncertainty on each flux density measurement using 4 ′′ diameter apertures randomly placed within 1 ′ of each object of interest. Photometry in the mid-IR is presented in For the SCUBA-selected SMGs, we use the sample of 53 objects with spectroscopic redshifts at z > 1.4 (we have removed from the sample three sources with extremely blue rest-frame ultra-violet colors as well as two sources which were subsequently shown to be spurious detections by Hainline et al. (2011) ) from Chapman et al. (2005) . These are sources with precise positional information derived from Very Large Array 1.4 GHz imaging and redshifts obtained with optical ground-based spectroscopy with the Keck I telescope. Their clustering properties indicate they inhabit very massive dark matter haloes (M DM ≈ 10 12 M ⊙ ; Blain et al. 2004 ), comparable to the dark matter halo masses of DOGs (Brodwin et al. 2008 ).
SMG Photometry
The broad-band photometry of SMGs used in this paper has been collected from a variety of sources. Band R-band photometry were obtained with several telescopes and were presented in Chapman et al. (2005) . I-, J-, and K-band photometry also were obtained with several telescopes and were presented in Smail et al. (2004) . These photometry values were derived with 4
′′ diameter apertures and have been aperture-corrected. Mid-IR photometry of SMGs was obtained from Hainline et al. (2009) , who compute aperture-corrected 4 ′′ diameter aperture photometry using SExtractor.
STELLAR POPULATION SYNTHESIS MODELS
Stellar population synthesis (SPS) modeling offers a means of constraining the mass and star-formation history of a galaxy's stellar population. This section contains a description of the technique adopted here to apply the SPS models to the high-z ULIRG photometry outlined in section 2. Additionally, details are provided regarding three SFHs and three initial mass functions (IMFs) that are used in this paper for testing theories for the formation of massive galaxies at high redshift. Results from this analysis are presented in section 4. A detailed analysis of the differences in M * measurements obtained with four SPS libraries may be found in Appendix A.
3.1. General Methodology SPS models are parameterized at minimum by their luminosity-weighted age and their stellar mass, M * . The attenuation of stellar light by dust adds a third parameter, A V . In all models used here, the simplifying assumption of a uniform dust screen (A V ranging from 0 to 3) is adopted which obscures the intrinsic stellar light according to the reddening law for starbursts from Calzetti et al. (2000) for wavelengths between 0.12 − 2.2 µm and that of Draine (2003) for longer wavelengths. The available data do not allow constraints to be placed on more complex models in which younger stars have different dust obscuration prescriptions than older stars (e.g., Charlot & Fall 2000) .
The broad band photometry used here is not sufficient to break the degeneracy between age and A V (except under special assumptions). For this reason, the main goal here is to measure the relative M * values of three distinct populations of high redshift ULIRGs (power-law DOGs, bump DOGs, and SMGs) using a uniform, selfconsistent analysis. This will allow the stellar masses of these objects to be measured in a relative sense and therefore minimize many of the uncertainties discussed above (however, note that the masses of the power-law DOGs in general are upper limits since the AGN contribution to the 3.6µm and 4.5µm IRAC channels is unknown). Furthermore, competing models of galaxy formation and evolution make different predictions about the stellar mass properties of the most luminous galaxies at z ∼ 2. The distribution of stellar masses of populations of power-law DOGs, bump DOGs, and SMGs is therefore (in principle) a viable tool with which to test these competing models.
The approach used here is to apply SPS models of varying A V and age values to generate a probility density function for the stellar mass of each galaxy, φ(M * , age, A V ). φ(M * , age, A V ) is computed directly from the best-fit χ 2 value for the given number of degrees of freedom, N DOF . Since we have 7 data points and 3 model parameters, N DOF = 4.
For a few sources (SST24J 142648.9+332927, SMMJ030227.73+000653.5, SMMJ123600.15+621047.2, SMMJ123606.85+621021.4, SMMJ131239.14+424155.7, SMMJ163631.47+405546.9, SMMJ221735.15+001537.2, SMMJ221804.42+002154.4), no models achieved statistically acceptable fits. These systems are assumed to have a uniform stellar mass probability density function between 10 10 − 10 12 M ⊙ . This has the effect of broadening the resulting stellar mass constraints for a given galaxy population. Each individual galaxy's φ(M * , age, A V ) is normalized such that it contributes equally to the final stellar mass probability density function for that population of galaxies (φ PLDOG , φ BumpDOG , and φ SMG ).
The use of SPS models to determine intrinsic properties of galaxies assumes that all of the observed flux is emitted by stars. In fact, many of the sources in this study have a significant contribution in the rest-frame near-IR from obscured AGN (this is especially true for the power-law DOGs). Some authors add this component (in the form of a variable slope power-law) to their SPS modelling efforts (e.g., Hainline et al. 2011) . Alternatively, it is possible to minimize the AGN contribution by considering only the first two IRAC channels (i.e., up to observed-frame 4.5µm). We adopt the latter approach in this study. For bump DOGs and most SMGs, this should provide a reasonably reliable measurement of the stellar light from these objects. For powerlaw DOGs and those SMGs with power-law tails in the near-IR, there still exists a significant possibility that the observed-frame 4.5µm light is contaminated by AGN, though it should be noted that high-spatial resolution imaging with HST/NICMOS indicates that only 10-20% of the rest-frame optical light is emitted by a point source in power-law DOGs (Bussmann et al. 2009a) . For this reason, the stellar mass estimates of power-law DOGs should be regarded as upper limits on the true stellar mass.
The observed-frame B W photometry have been excluded from the fitting process. These data typically probe rest-frame 1500Å and as such are highly sensitive to the youngest stellar populations and the detailed geometry of the dust distribution surrounding them. The most robust model fits were obtained when the B W photometry were not used.
Only solar metallicity models are tested in this study. This is a reasonable assumption, since high-redshift (median redshift of 2.4) dusty galaxies have been found to have near-solar metallicities (Swinbank et al. 2004 ). Moreover, our broad-band SED data do not provide the ability to constrain metallicity. The adoption of a single metallicity in SPS modeling typically introduces uncertainties at the level of 10-20% Muzzin et al. 2009 ), which are insignificant compared to systematic uncertainties related to the IMF, SFH, and age of the stellar population.
SPS Star-formation Histories
One of the most critical adjustable parameters in SPS modeling is the star-formation history (SFH). Micha lowski et al. (2011) suggest that the use of multiple component SFHs, in which different stellar populations are allowed to have distinct ages and obscuration, can lead to factors of 2-4 difference in best-fit stellar mass. The focus in this paper is placed on three distinct SFHs that broadly encompass a reasonable range of parameter space while maintaining a level of simplicity in accordance with the quality of the available data.
The first SFH adopted here is the simplest one possible: an infinitely short burst of star-formation at time t = 0 during which all the stars of the galaxy are formed, followed thereafter by passive evolution. This is called a simple stellar population (SSP), and is used commonly in SPS modeling in the literature. If the objects under study here have recently had star-formation shut off by some process (e.g., AGN feedback), then the SSP model provides constraints on how long ago such an event ocurred. Models used here have ages spaced logarithmically from 10 Myr up to 1 Gyr.
The second SFH used in this paper is borrowed from a representative simulation of a major merger which undergoes a very luminous sub-mm phase (SMG) as well as a highly dust-obscured phase (DOG) before star-formation is shut off by AGN feedback effects (Narayanan et al. 2010) . This SFH traces the star-formation rate from the beginning of the simulation -before the two gasrich (f g ∼ 0.8) disks begin to interact -through the period of final coalescence when the SFR peaks near 1000 M ⊙ yr −1 , to the end of the simulation and a red, dead, elliptical galaxy. Models used here have ages spaced roughly linearly from 10 Myr to 0.8 Gyr.
The third SFH adopted in this study comes from cosmological hydrodynamical simulations in which SMGs are posited to correspond to the most rapidly starforming systems that match the observed number density of SMGs (Davé et al. 2010) . In particular, the SFH and metallicity history of the highest SFR simulated SMG are used. This object has a SFR of ≈ 150 M ⊙ yr −1 for most of the simulation but is boosted to ≈ 500 M ⊙ yr −1 at z = 2 and reaches a mass of M * = 2.8 × 10 11 M ⊙ by the same redshift. As nearly all of the mass is assembled in a quiescent mode, this SFH is nearly opposite to a SSP, in which all stars are formed in a single infinitely short burst. Models used here have ages spaced roughly linearly over the full range of the SFH, from 10 Myr to 3 Gyr. Figure 4 shows the SFHs from Narayanan et al. . Star-formation histories used in stellar population synthesis models. Dotted line represents high-z ULIRGs identified in cosmological hydrodynamical simulations formed via smooth gas inflow and accretion of small satellites (Galaxy A from Figure 4 of Davé et al. 2010) . Dashed line represents high-z ULIRGs formed via major mergers of two gas-rich disks (Narayanan et al. 2010) and has been shifted in time so that the peak star-formation rate occurs at z ≈ 2.
(2010) and Davé et al. (2010) that are used in this analysis.
Initial Mass Functions
Another critical adjustable parameter involved in SPS modeling is the IMF. Despite its importance, the detailed nature of the IMF in galaxies at high redshift is poorly constrained. The relevant parameter space is characterized here by three different forms: a Salpeter IMF (Salpeter 1955 ), a Chabrier IMF (Chabrier 2003) , and a bottom-light IMF (e.g., van Dokkum 2008; Davé 2008 ). All of these have a lower mass cutoff of 0.1 M ⊙ and an upper mass cutoff of 100 M ⊙ . The Chabrier IMF has fewer low mass stars compared to a Salpeter IMF (and hence a lower mass-to-light ratio), while a bottom-light IMF has even fewer low-mass stars (and a correspondingly lower mass-to-light ratio).
The contribution of low mass stars to the bottomlight IMF is governed by the characteristic mass, m c , which controls both the cutoff mass at which the lognormal form dominates as well as the shape of the lognormal part of the IMF itself. In particular, van Dokkum (2008) use the color and luminosity evolution of cluster ellipticals to infer m c ∼ 2 M ⊙ at z > 4 (however, see van Dokkum & Conroy 2010, which argues instead for a steeper-than-Salpeter IMF slope based upon spectral features that are strong in stars with M * < 0.3 M ⊙ found in elliptical galaxies in the local Universe). In this study, a characteristic mass of m c = 0.4 M ⊙ has been adopted, as this value matches both the (very rough) estimates for SMGs at z ∼ 2 as well as theoretical expectations based on a model in which the characteristic mass is a function of the CMB temperature: m c ∝ T
3.35
CMB .
The effect of such a change in the characteristic mass is to produce a Salpeter-like slope at M > 1 M ⊙ and a turnover at M ≈ 1 M ⊙ . This reduces the number of low-mass stars relative to the high-mass ones, thereby lowering the mass-to-light ratio relative to the Chabrier IMF (for intermediate age stars or younger).
Since observational constraints on the IMF are not readily available, each IMF has been tested with each SFH (see section 3.2). In the case of the simple stellar population (SSP), this provides a measure of the uncertainty resulting from the unknown IMF. However, for the purposes of testing the self-consistency of more complicated SFHs of ULIRGs at high redshift, it is necessary to select certain IMFs for each model. The simulations of major mergers tested here (Narayanan et al. 2010 ) adopt a Kroupa IMF for their radiative transfer, so a Chabrier IMF (which is very similar to a Kroupa IMF) is what is focused on here. Meanwhile, the IMF is a free parameter in the smooth accretion SFH (Davé et al. 2010) . A Chabrier IMF is adopted in this paper for this SFH (with an accompanying thorough discussion of the implications of a more "bottom-light" IMF), since a Salpeter IMF overpredicts the sub-mm fluxes of SMGs.
RESULTS
This section presents measurements of the stellar masses (M * ) of bump DOGs, power-law DOGs, and SMGs. SEDs for each source may be found in Appendix B. The nominal fiducial model chosen in this paper is the CB07 SPS library with a SSP SFH and Chabrier IMF (meaning that we have chosen this as the standard by which the other models will be compared), and is presented in section 4.1. In later sections, alternative SFHs and IMFs are explored. Although differences exist between various SPS libraries in the treatment of aspects of stellar atmospheres and evolution, these details are sub-dominant to the choice of SFH and IMF (for an explanation of this, see Appendix A). For this reason, our modeling process does not include marginalization over SPS library.
Simple Stellar Population
The SSP represents a SFH in which all stars form in an infinitely short burst of star-formation and evolve passively thereafter. While this is an idealized scenario for the formation of massive galaxies, it is worth studying since SSPs form the building blocks of more complex SFHs and can be used more directly to compare the effect of different SPS libraries and IMFs (see section 4.4 for more details on this last point). Figure 5 shows the stellar mass probability density function resulting from fitting a SSP (computed with the CB07 SPS library and a Chabrier IMF) to each powerlaw DOG, bump DOG, and SMG. All three populations have a similar range of acceptable M * values. Power-law DOGs tend to be the most massive systems, followed by bump DOGs and then SMGs. However, their median stellar masses are separated by ≈ 0.1 to 0.2 dex, while the spread in their distributions are ≈ 0.3 dex. This implies that the differences in stellar mass between the populations are suggestive rather than conclusive. Perhaps the most interesting feature of this result is that the masses of all three populations are not significantly different. This may imply that that the power-law phase occurs during the same time that most of the mass in stars is being built up. If the mid-IR power-law is a signature of black hole growth, then this implies that the stellar mass and black hole mass are being assembled during the same period of dust-obscured, intense star-formation. A low mass tail is present in each population which is in fact a Stellar mass probability density function of powerlaw DOGs (red), bump DOGs (blue), and SMGs (orange) derived using using the CB07 library, a Chabrier IMF, and a simple stellar population SFH. The median M * value (corrected to a Chabrier IMF) from studies by Hainline et al. (2011) and Micha lowski et al. (2010) reflection of the fact that the constraints on the stellar mass of a small percentage of each group are weak. The median and inter-quartile range of stellar masses for this SPS model are given in Table 3 .
One feature of the fitting process that is not shown in Figure 5 is the well-known significant degeneracy between A V and stellar age -the broad-band photometry of these high-z ULIRGs can be fit either by young (10 Myr) and dusty (A V ∼ 1.5 − 2) stellar populations or intermediate age (500 Myr) and less dusty (A V ∼ 0.0 − 0.5) stellar populations. Given the large quantities of dust that are known to exist in these systems based on observations at longer wavelengths (e.g., Kovács et al. 2006; Coppin et al. 2008; Bussmann et al. 2009a; Lonsdale et al. 2009; Kovács et al. 2010) , it is unlikely that A V < 1 solutions are acceptable. Indeed, mid-IR spectra of Spitzer-selected ULIRGs generally show strong silicate absorption features indicative of highly obscured sources (Sajina et al. 2007 ). Furthermore, measurements of Hα and Hβ in a handful of sources find strong Balmer decrements implying A V > 1 (Brand et al. 2007 ).
Assuming A V = E(B − V )/R V (where R V = 3.1) and the relation between E(B − V ) and the hydrogen column density (N H ) from Bohlin et al. (1978) 
Under the assumption of a spherical shell around the source with radius equal to the effective radius (R eff ), the dust mass can be estimated from N H using:
where f gd is the gas-to-dust mass ratio (assumed to be 60, the value found appropriate for SMGs; Kovács et al. 2006 ) and µ p is the mean molecular weight of the gas (assumed to be 1.6 times the mass of a proton). Morphological measurements indicate these objects have typical effective radii of 3-8 kpc (Dasyra et al. 2008; Bussmann et al. 2009a; Donley et al. 2010 ). All together this implies M d ∼ (0.5 − 3) × 10 8 M ⊙ , depending on the size of R eff . In fact, based on 350µm observations, Kovács et al. (2010) find dust masses of M d ≈ (5 − 10) × 10 8 M ⊙ for Spitzer-selected ULIRGs with a mid-IR bump feature. This suggests that A V > 1 and hence age < 200 Myr models should be preferred. Note however that for any given galaxy, we do not have independent constraints on A V and hence have applied no priors on this quantity in the fitting process.
Merger-Driven Star-Formation History
One of the major goals of this paper is to go beyond instantaneous burst SFHs (SSPs) and test the selfconsistency of more complicated SFHs. Two in particular that are tested here are a SFH driven by a major merger (Narayanan et al. 2010 ) and a SFH driven mainly by smooth accretion of gas and nearby small satellites (Davé et al. 2010 ). The merger-driven SFH is described here, while the smooth accretion SFH is described in section 4.3. Figure 6 (left panel) shows the stellar mass probability density function for power-law DOGs, bump DOGs, and SMGs derived using a merger-driven SFH (from Narayanan et al. 2010) with the CB07 SPS library and a Chabrier IMF. The median and inter-quartile range of M * values are given for this SFH in Table 3 and are about 0.1-0.2 dex larger than the same values derived using a SSP and a Chabrier IMF (again the trend in masses is that power-law DOGs are the most massive and SMGs the least massive, with bump DOGs falling in between). Multi-component SFHs in general produce higher massto-light ratios than SSPs because even a modest amount of rest-frame UV emission will strongly constrain the age of the SSP to be less than a few hundred million years. Such a young stellar population will have a low mass-tolight ratio. In contrast, a multi-component SFH can have a low mass young stellar component (which reproduces the rest-frame UV emission) as well as an old stellar component which boosts the mass-to-light ratio.
This point is made more clearly in the right panel of Figure 6 , which shows the stellar mass probability density function for power-law DOGs, bump DOGs, and SMGs derived from the merger-driven SFH but focusing on the portion of the SFH when the system is expected to be in its ULIRG phase (i.e., maximum SFR). By this stage (about 0.7 Gyr into the SFH), the presence of a significant amount of low mass stars increases the inferred stellar masses by 0.1-0.3 dex (relative to the masses derived from the SSP SFH). These mass estimates are also reported in Table 3 . The increase in our estimates of M * is actually mitigated somewhat because the SFR is so high that the fraction of very massive stars relative to all other stars is higher than at other times in the SFH and because we have made the simplest possible assumption for the dust geometry of a uniform dust screen. In reality, the youngest stars should experience greater extinction than the older stars. This effect is likely to be amplified by the merger, in which the peak SFR occurs when all the gas and dust have been dumped into the central, most obscured regions. For this reason, we expect that our measurements of M * for the merger SFH during this period are likely to underestimate the true stellar masses.
It is somewhat interesting that a bimodal distribution in SMG stellar masses appears when one focuses on the period of peak SFR in the merger simulation. This bimodality is smoothed out in the left panel of Figure 6 , which shows the superposition of all ages during the SFH. The origin of the bimodality is not entirely clear, but is likely due to the presence of a significant number of SMGs that are rest-frame UV-bright and therefore are found to have relatively low stellar masses. In contrast, DOGs are selected to be rest-frame UV-faint and do not show this bimodality in stellar masses.
Smooth Accretion Star-Formation History
In the cosmological hydrodynamical simulations of Davé et al. (2010) , SMGs are posited to be the maximally star-forming galaxies whose number densities match the observed number density of SMGs. This results in the typical simulated SMG having a SFH described by a relatively constant SFR of 100-200 M ⊙ yr −1 over a period of 3 Gyr and leads to a stellar mass in these systems in the range M ⊙ ≈ (1−5)×10 11 M ⊙ . Davé et al. (2010) note that their simulated SFRs are a factor of ∼ 3 lower than the typical values observationally inferred for SMGs, and hypothesize that a "bottom-light" IMF such as that proposed by van Dokkum (2008) and Davé (2008) could explain this discrepancy. This type of IMF would also have the consequence of modifying the M * /L V of the galaxy, meaning that at a given L V , the inferred stellar mass will be lower than for other IMFs such as Chabrier or Salpeter. It is for this reason that the constraints on the stellar masses of the high-z ULIRGs with this SFH are of particular interest. Figure 7 (left panel) shows the stellar mass probability density function for power-law DOGs, bump DOGs, and SMGs derived using a SFH driven mainly by smooth accretion of gas and nearby satellites (with the CB07 SPS library and a Chabrier IMF). The median and interquartile range of M * estimates are provided in Table 3 . In this case, the median stellar masses of the three populations are separated by ≈ 0.15 dex, with power-law DOGs being the most massive and SMGs being the least massive (note that this is still well below the typical interquartile range in the stellar mass estimates of ≈ 0.3 dex). In comparison to the SSP SFH, the smooth accretion mass estimates are ≈ 0.2 dex larger, for similar reasons as those outlined at the end of section 4.2.
Restricting the age range of the SFH for the smooth accretion model to coincide with the period during which the simulated systems are expected to be ULIRGs (i.e., at z ∼ 2 − 3) leads to inferred stellar masses that are larger by 0.3-0.4 dex compared to the SSP SFH (Table 3 and Figure 7 , right panel). As described in section 4.2, this is a result of a greater contribution from older stars that have higher mass-to-light ratios than younger stars.
Variation with IMF
In SPS modeling, the IMF affects primarily the mass-to-light ratio of the synthesized stellar population. Bruzual & Charlot (2003) showed that the B − V and V − K colors of SPS models distinguished only by their IMFs (Chabrier vs. Salpeter) are very similar. On the other hand, the Salpeter IMF gives mass-to-light ratios that are ≈ 0.2 dex larger than the Chabrier IMF. Bottom-light IMFs (such as that advocated by van Dokkum 2008) have more complicated mass-to-light ratios that depend on both the characteristic mass (m c ) and the age of the stellar population. van Dokkum (2008) find that for m c = 0.4 M ⊙ (as adopted here) and ages < 1 Gyr, the mass-to-light ratio is lower by 0.2-0.3 dex compared to a Chabrier IMF. The results of this study are consistent with this finding: assuming a SSP SFH and this bottom-light IMF, the stellar masses of bump DOGs are in the range M * = (0.1−0.6)×10 11 M ⊙ , or about 0.3-0.4 dex lower than those inferred using a Chabrier IMF. A similar reduction in M * occurs when using the bottom-light IMF in conjunction with more complicated SFHs such as the merger-driven SFH and the smooth accretion SFH detailed in sections 4.2 and 4.3.
DISCUSSION
The focus of this section is to build upon the constraints on the stellar masses and star-formation histories of bump DOGs, power-law DOGs, and SMGs presented in section 4. Estimates of M * presented here are compared with estimates of other dust-obscured highredshift ULIRGs. In addition, implications for models of galaxy evolution are presented based upon a comparison of the two theoretical SFHs considered in this study (major merger and smooth accretion).
Comparing Stellar Mass Estimates of ULIRGs at
z ∼ 2 Studies of other Spitzer-selected ULIRGs with a bump in the observed-frame mid-IR SED have found median stellar masses of M * ≈ 10 11 M ⊙ (for a Chabrier IMF; Berta et al. 2007; Lonsdale et al. 2009; Huang et al. 2009 ). This is a little more than 1σ higher than the median stellar mass found for bump DOGs here. The small difference in stellar mass estimates can be fully accounted for by the choice of star-formation history as well as the use in this study of the new CB07 SPS libraries, which have redder near-IR colors and hence tend towards lower inferred stellar masses (see section 4.4 and also Muzzin et al. 2009) .
Two recent studies of SMGs using stellar population synthesis modeling have come to differing conclusions regarding their median M * . While Micha lowski et al.
(2010) find a median stellar mass of M * ≈ 2 × 10 11 M ⊙ (using SEDs from Iglesias-Páramo et al. 2007 , and after converting to a Chabrier IMF), Hainline et al. (2011) find M * = 7 × 10 10 M ⊙ (assuming a Chabrier IMF and models from Maraston 2005). Hainline et al. (2011) argue that models which do not consider the contribution of an obscured AGN in the mid-IR (particularly in the 5.8µm and 8.0µm channels of IRAC) can bias stellar mass estimates of SMGs upwards by a factor of ≈ 2. Our analysis (which excludes these two IRAC channels to minimize the contribution from an obscured AGN) indicates stellar masses that are closer to those of Hainline et al. (2011) , with median M * = 4.4 × 10 10 M ⊙ (for a smooth accretion SFH without constraints on the Table 3 ) thanks to the increased contribution from old stars with high mass-to-light ratios. The median stellar masses of these z ∼ 2 ULIRGs are still about 0.2-0.3 dex lower than expected from the Narayanan et al. (2010) age of the stellar population, which most closely resembles the SSP and constant star formation histories adopted by Hainline et al. (2011) ). Inclusion of the additional two IRAC channels increases our stellar mass estimates by 50% (median M * = 6 × 10 10 M ⊙ ). A similar increase is seen when including the 5.8µm and 8.0µm channels of IRAC to models which focus on the age of the smooth accretion SFH corresponding to the ULIRG phase (i.e., z ∼ 2). This is somewhat of a smaller effect than found by Hainline et al. (2011) , possibly suggesting that there may be some contamination from AGN in the 3.6µm and 4.5µm IRAC channels that we are not accounting for as well.
5.2. Implications for Galaxy Evolution at z ∼ 2 Observational evidence indicates that ULIRGs in the local Universe are the product of major mergers (Armus et al. 1987 ) and that they are connected in an evolutionary sense with quasars (Sanders et al. 1988a,b) . It is tempting to postulate a similar major-merger origin for high-redshift ULIRGs. However, conclusive evidence linking variously selected ULIRG populations to each other and to quasars at high redshift requires measurements that challenge current observational capabilities. Nevertheless, some tantalizing hints exist that suggest these diverse populations are indeed linked. First, the clustering strength of DOGs is comparable to that of both the SMGs and QSOs at similar redshifts (Brodwin et al. 2008) . Second, the quantitative morphologies of DOGs and SMGs are consistent with an evolutionary picture in which the SMG phase precedes the bump DOG phase, which in turn precedes the PL DOG phase (Bussmann et al. 2011) . However, such morphological studies are challenging because of surface brightness dimming and dust-obscuration effects, which prevent a straightforward merger identification based on imaging (Dasyra et al. 2008; Melbourne et al. 2008; Bussmann et al. 2009a; Melbourne et al. 2009; Zamojski et al. 2011; Bussmann et al. 2011) .
This study offers an independent means of testing both the evolutionary hypothesis as well as the merger hypothesis via SPS modeling of broad-band imaging in the rest-frame UV through near-IR. The approach followed in this paper is to test the self-consistency of two distinct SFHs. One is characterized by a gas-rich major merger which reaches a peak SFR of ≈ 1000 M ⊙ yr −1 (Narayanan et al. 2010 ). The other is characterized by smooth accretion of gas and small satellites that typically reaches SFRs of ≈ 200 − 300 M ⊙ yr −1 at z ∼ 2 (Davé et al. 2010) .
First, it is worth noting that in the model of Narayanan et al. (2010) , an evolutionary progression exists in which SMGs evolve into bump DOGs which evolve into power-law DOGs. This process occurs on a short time-scale (∼ 50 − 100 years), but if it is true then we should expect the SMGs to have the youngest stellar population, followed by bump DOGs and then powerlaw DOGs. In this case, the relative differences in the inferred stellar masses for the three populations become more significant and in the expected direction for the evolutionary scenario outlined above. In comparison, the model of Davé et al. (2010) does not yet include radiative transfer calculations and so cannot make a prediction for an evolutionary scenario between these three populations. Because of the short timescales involved in the merger simulations and the nature of our seven filter broadband photometry dataset, we do not pursue this point in a more quantitative manner, but we nevertheless believe that it deserves mentioning. Second, the stellar masses reported here are factors of 2-2.5 lower than expected from the both the merger and smooth accretion models tested in this paper. This reflects the large uncertainties inherent in absolute measurements of stellar mass and indicates that stellar masses alone are unlikely to provide a definitive reason to favor either model over the other. Micha lowski et al. (2011) show that the use of multi-component SFHs (i.e., multiple stellar populations with varying ages, extinctions, and masses) in SPS modeling can lead to higher inferred total stellar masses by virtue of using the young stellar component to match the rest-frame UV flux and the old stellar component to match the rest-frame near-IR flux. We do not believe the data we have in hand (broad-band photometry in seven filters) is sufficient to warrant such complex models, but it is nevertheless important to recognize that such models are indeed capable of implying larger stellar masses than the models we have adopted in this paper.
In addition, the unknown form of the IMF can potentially insert another factor of 2-4 uncertainty in the absolute stellar mass measurements. However, it must be emphasized that modifications in the assumed IMF will affect not only the inferred stellar masses, but also the inferred instantaneous SFRs. Thus, the effect of the IMF can be minimized by comparing the stellar masses of z ∼ 2 ULIRGs to their star-formation rates. Although SFRs are not yet well known in Spitzer-selected ULIRGs, early evidence indicates that bump sources may have similar SFRs as SMGs (∼ 1000 M ⊙ yr −1 Lonsdale et al. 2009; Kovács et al. 2010) , whereas power-law sources may have much lower SFRs (e.g. ∼ 100 M ⊙ yr −1 ; Melbourne et al. 2011) .
A galaxy with a mass of M * = 1 × 10 11 M ⊙ and a SFR of 1000 M ⊙ yr −1 has a specific SFR of sSFR = 1 × 10 −8 yr −1 . A galaxy with a SFR lower by a factor 10 will have a sSFR that is also lower by a factor of 10. Thus the range for DOGs and SMGs in sSFR is likely to be of order 1 − 10 Gyr −1 . In comparison, simulations of major mergers that produce DOG and SMG behavior tend to have sSFR = 6 Gyr −1 . On the other hand, in smooth accretion driven simulations, SMGs have sSFR = 0.7 Gyr −1 . Even if we adopted assumptions regarding the SFHs and dust geometry that led to stellar masses that were a factor of 2-4 larger and were thus consistent with those found by e.g. Micha lowski et al. (2010) , the range in sSFR values for DOGs and SMGs would still be higher than the expectation from the smooth accretion model. This is merely a consequence of the fact that mergers provide a more ready mechanism to obtain high sSFR values than smooth accretion models.
CONCLUSIONS
In this paper, we analyze the broad-band SEDs of a large sample of mid-IR selected (bump and power-law DOGs) and far-IR selected (SMGs) ULIRG populations with known spectroscopic redshifts and use stellar population synthesis models to estimate self-consistently the stellar masses of these three populations. We compare our mass estimates with predictions from two competing theories for the formation of these systems and examine the implications for galaxy evolution. We list our findings below.
• The median and inter-quartile range of stellar masses for SMGs, bump DOGs and power-law DOGs are log(M * /M ⊙ ) = 10.71 −0.36 , respectively, assuming a simple stellar population SFH, a Chabrier IMF, and the CB07 stellar libraries. The overlap in M * values between all three populations is consistent with the picture in which they represent a brief but important phase in massive galaxy evolution, with tentative evidence supporting a scenario in which SMGs evolve into bump DOGs which evolve into powerlaw DOGs.
• The use of more realistic SFHs in the SPS modeling in which both old and young stars contribute to the observed broad-band photometry can increase mass estimates significantly. We show that using a major merger driven SFH during its peak SFR period (when it is expected to be identified as a ULIRG at z ∼ 2) leads to median and inter-quartile stellar mass estimates for power-law DOGs, bump DOGs, and SMGs of log(M * /M ⊙ ) = 11.06 • The stellar masses we measure are inconsistent with those predicted by both numerical simulations we have tested (being lower by a factor of 2-2.5). This indicates that either the simulations over-predict the stellar masses of high-z ULIRGs, or that one (or more) of the assumptions in our SPS models is incorrect. In either case, the stellar mass data presented here are by themselves insufficient to favor one model over another. However, we note that the use of a bottom-light rather than a Chabrier IMF may be needed for the SFRs of the smooth accretion model to match those that are observed. Such a change would decrease our mass estimates by a factor of roughly 2 (depending on the exact shape of the bottom-light IMF). This line of reasoning suggests that, at least for the most luminous sources, the smooth accretion model has difficulty reproducing the observed far-IR emission (i.e., instantaneous SFR) without overestimating the observed optical and near-IR emission (i.e., stellar mass).
Estimates of the stellar masses of dust-obscured galaxies at high-redshift are highly dependent on the age of the stellar populations within those galaxies. The use of multiple component SFHs with different ages can lead to significant variations in the inferred stellar mass (e.g., Micha lowski et al. 2011). We do not consider the broadband photometry in seven filters used here to be sufficient to explore such complex SFHs. However, in the near future, wide-field medium-band photometry surveys in the near-IR (e.g., the NEWFIRM Medium-Band Survey, NMBS; ) will provide a finer sampling of the rest-frame Balmer and 4000Å break and significantly improve constraints on the stellar population age in DOGs and SMGs. Further in the future, the advent of the James Webb Space Telescope will provide high-spatial resolution imaging in the mid-IR and provide improved constraints on the amount of stellar emission vs. AGN emission in ULIRGs at high redshift. This is critical information especially for power-law DOGs, but holds significance for bump DOGs and SMGs as well.
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APPENDIX

SPS LIBRARIES
Four SPS libraries have been tested in this analysis of the SEDs of DOGs and SMGs. The first SPS library used in this paper is from the Bruzual & Charlot (2003) population synthesis library. It uses the isochrone synthesis technique (Charlot & Bruzual 1991 ) and the Padova 1994 evolutionary tracks (Girardi et al. 1996) to compute the spectral evolution of stellar populations at ages between 10 5 and 2 × 10 10 yr. The STEllar LIBrary (STELIB Le Borgne et al. 2003) of stellar spectra offer a median resolving power of 2000 over the wavelength range 3200 to 9500Å. Outside this wavelength range, the BaSeL 3.1 libraries (Westera et al. 2002) are used and offer a median resolving power of 300 from 91Å to 160µm.
The second SPS library used here is an updated version of the Bruzual & Charlot (2003) population synthesis library (Charlot & Bruzual, private communication, hereafter CB07) . The primary improvement included in these models is a new prescription for the thermally pulsing asymptotic giant branch (TP-AGB) evolution of low-and intermediate-mass stars Marigo & Girardi (2007) and Marigo et al. (2008) . This has the effect of producing significantly redder near-IR colors for young and intermediate-age stellar populations, which leads to younger inferred ages and lower inferred masses for a given observed near-IR color. These new models otherwise still rely on the Padova 1994 evolutionary tracks and the combination of BaSeL 3.1 and STELIB spectral libraries.
The third SPS library employed in this paper is called a Flexible Stellar Population Synthesis library (FSPS; Conroy et al. 2009 . This library uses the isochrone synthesis technique as well, but with updated evolutionary tracks (Padova 2008 Marigo & Girardi 2007 Marigo et al. 2008) . FSPS adopts the BaSeL 3.1 spectral library (Westera et al. 2002) but includes TP-AGB spectra from a compilation of more than 100 optical/near-IR spectra spanning the wavelength range 0.5 2.5µm (Lançon & Wood 2000; Lançon & Mouhcine 2002) . One feature of this library that is not available in the others is the ability to input a custom IMF (e.g., a "bottom-light" IMF).
The fourth and final SPS library used here is from Maraston (2005) . This library adopts the "fuel-consumption" approach, in which the integration variable is the amount of hydrogen or helium consumed by nuclear burning during a given post-main-sequence phase (unlike the isochrone synthesis approach, in which the integration variable is the stellar mass). This library features a strong contribution from TP-AGB stars (≈ 40% of the bolometric light) for age ranges of 0.2 -2 Gyr. A comparison between this library and that of Bruzual & Charlot (2003) found that the near-IR colors of z ∼ 2 galaxies were better fit by the former (Maraston et al. 2006) , highlighting the importance of a proper treatment of the TP-AGB phase for intermediate age stellar populations.
SEDS
Since every source in this study has a known spectroscopic redshift, it is possible to construct SEDs for each source showing the luminosity per unit frequency (L ν ) as a function of rest-frame wavelength (λ rest ).
Figures 8, 9, 10 show the SEDs for power-law DOGs, bump DOGs, and SMGs, respectively. Also shown in this diagram is the best-fit synthesized stellar population model (CB07, simple stellar population, Chabrier IMF). Inset in each diagram is the stellar mass probability density function. In a few cases (SST24J 142648.9+332927, SMMJ030227.73+000653.5, SMMJ123600.15+621047.2, SMMJ123606.85+621021.4, SMMJ131239.14+424155.7, SMMJ163631.47+405546.9, SMMJ221735.15+001537.2, SMMJ221804.42+002154.4), no acceptable model was found within the probed region of parameter space. In the subsequent analysis, these systems are assumed to have a uniform stellar mass probability density function between 10 10 − 10 12 M ⊙ . Power-law DOGs have the brightest rest-frame near-IR luminosities, with luminosities at 3µm approaching νL ν = 10 12 L ⊙ . This represents a near-IR excess of a factor of 3-5 compared to bump DOGs and SMGs. Such an excess is an indicator of thermal emission from an obscured nuclear source (i.e., obscured AGN; Rieke 1978) . Meanwhile, bump DOGs and SMGs have rest-frame optical and near-IR SEDs that qualitatively match the shape of the synthezied stellar population shown in Figures 9 and 10 . This is consistent with the notion that this part of the SED of these objects is dominated by stellar light.
Relative to their rest-frame near-IR luminosities, SMGs show a rest-frame UV excess compared to bump DOGs and power-law DOGs. This is likely the result of a selection effect, but the physical implications are unclear. Possible explanations include a difference in dust obscuration or in the luminosity weighted-age of the stellar population. Resolving this issue may require deep, high spatial resolution imaging of SMGs in the rest-frame UV, optical, and near-IR (currently, only UV and optical imaging is available and only for a handful of sources; e.g. Conselice et al. 2003; Swinbank et al. 2010) . Figure 8 . Luminosity per unit frequency as a function of rest-frame wavelength for power-law DOGs (red circles). Gray circles indicate that B W and IRAC 5.8µm and 8.0µm data are not used to constrain the SPS models (see section 3.1). The best-fit CB07 synthesized stellar population (assuming a Chabrier IMF and a simple stellar population SFH) is shown in green with the best-fit parameters printed in the bottom right of each panel. The inset shows the stellar mass probability density function (marginalizing over model age and A V ) for each source. 
